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ABSTRACT
We model thermal X-ray emission from the accreting supermassive black hole
Sagittarius A* at the Galactic Center. For the region inside 1.′′5 of the center,
we use a generalized radiatively inefficient accretion flow (RIAF) model, and
for the region out to 10′′ we use published models of the ambient hot gas. We
calculate the equivalent widths of Hydrogen-like and Helium-like emission lines
of various elements, notably iron. We predict that a strong Helium-like iron line
with an equivalent width ∼ 1 keV should be emitted by both the external medium
and the RIAF. The equivalent width in the external medium is sensitive to the
metallicity Z of the gas as well as the mean temperature. For reasonable choices
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of these parameters, the calculated results agree with Chandra’s detection of an
iron line with an equivalent width of 1.3 keV within 10′′. The emission from
within 1.′′5 is not sensitive to the external temperature, but is sensitive to the
density and, especially, temperature profile inside the Bondi radius. For the
range of profiles we consider, we calculate the equivalent width of the iron line to
be ∼ 0.6− 1.5(Z/Z⊙) keV, where Z⊙ is the solar metallicity. We present a new
Chandra spectrum of the quiescent emission within 1.′′5 of Sgr A*. The measured
equivalent width of the iron line is 0.7 keV. Although this measurement has a
large uncertainty, it is consistent with our predictions, provided the metallicity
of the gas is approximately solar.
Subject headings: accretion, accretion disks—black hole physics —galaxies: nuclei—
Galaxy: center—radiation mechanisms: thermal—X-rays: star
1. Introduction
Sagittarius A* (Sgr A*), the well known supermassive black hole of mass M ≈ 3.7 ×
106M⊙ (Scho¨del et al. 2002; Ghez et al. 2005) at the center of the Galaxy, has attracted
much attention for decades. Although the source is fairly bright in the radio band, it is
overall quite dim, with a bolometric luminosity L ≈ 1036 ergs s−1 ∼ 10−8.5LEdd and an X-ray
luminosity LX ≈ 10
33 ergs s−1 ∼ 10−11.5LEdd in the 2-10 keV band (Baganoff et al. 2003).
X-ray emission from the region around Sgr A* was first observed by Einstein in the
0.5-4.5 keV band (Watson et al. 1981). Since then, many X-ray observations have been
made by other satellites, e.g., ROSAT (Predehl & Tru¨mper 1994; Predehl & Zinnecker
1996), ASCA (Koyama et al. 1996) and Beppo SAX (Sidoli et al. 1999). However
all of these earlier observations gave only upper limits on the X-ray luminosity of Sgr A*
because of poor spatial resolution. Recently, thanks to the excellent angular resolution and
accurate astrometry of Chandra, Baganoff et al. (2001, 2003) succeeded for the first time to
discriminate the emission of Sgr A* from that of surrounding point sources and hot plasma.
Chandra observations of the Galactic Center in 1999 and 2000 have revealed the follow-
ing (Baganoff et al. 2001, 2003):
(1) The absorption-corrected quiescent luminosity of Sgr A* in the 2-10 keV band within
1.′′5 of the central source is (1.8− 5.4)× 1033 ergs s−1. The luminosity increases in the flare
state by a factor of a few to a few tens.
(2) Fitting the observed spectrum in quiescence within 1.′′5 with an absorbed thermal
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bremsstrahlung plus Gaussian-line model indicates a line centered at 6.5+0.4
−0.1 keV with an
equivalent width of 2.2 keV. The temperature of the thermal plasma is 1.3-4.2 keV. We
report in this paper an update on the properties of the line using newer data.
(3) The 2-10 keV luminosity of the diffuse emission within 10′′ is (1.8−3.2)×1034 ergs s−1.
(4) Line emission at 6.5+0.1
−0.2 keV with equivalent width 1.3 keV is detected from the same
region. The temperature of this plasma is fitted to be 1.3-2.0 keV.
The quiescent continuum spectrum of Sgr A* and the spectrum of the X-ray flares have
been studied by a number of authors (e.g., Markoff et al. 2001; Yuan, Markoff & Falcke
2002; Liu & Melia 2001, 2002; Yuan, Quataert & Narayan 2003, 2004; Rockfeller et al. 2004;
Nayakshin, Cuadra, & Sunyaev 2004; Goldston, Quataert, & Igumenshchev 2005). Yuan
et al. (2003) present radiatively inefficient accretion flow (RIAF) models for Sgr A* and
successfully explain the observed quiescent spectrum. Using nonthermal electrons, they are
also able to account for the X-ray flares (Yuan, Quataert & Narayan 2003) and IR variability
(Yuan, Quataert & Narayan 2004).
The following consensus has emerged from these modeling efforts. The radio, sub-
millimeter and infrared emission all come from close to the black hole, say from a few RS
(sub-mm, infrared) to 100RS (radio), where RS = 2GM/c
2 is the Schwarzschild radius of
the black hole. The infrared and X-ray flare emission are also from small radii (few RS).
In contrast, the quiescent X-ray emission is from large radii, near the Bondi capture radius
RB ≃ GM/c
2
s ≃ 10
5RS ≃ 1
′′, where cs is the sound speed of the ambient gas in the external
medium. Therefore, depending on one’s interests, one must focus on different regions of the
spectrum. To study the mean features of the flow near the black hole, the radio and sub-mm
emission are most useful. To understand transient phenomena near the black hole, one must
focus on the infrared and X-ray flares. And if, as in the present paper, one wishes to study
the transition region of the flow where the external gas is captured by the black hole and
begins to fall in, the quiescent X-ray emission is the radiation of choice.
Quataert (2002) has presented model X-ray spectra for the hot ambient gas around
Sgr A*. He models the transition region where the gas flows in from the external medium,
and calculates the thermal bremsstrahlung emission. His model explains the soft X-ray
spectrum, the relatively constant quiescent flux, and the spatially resolved nature of the
source. In later work, Quataert (2004) describes detailed dynamical gas models on scales
∼ 0.01−1 pc. These models incorporate both accretion onto the black hole and a wind from
the central star cluster. The models show that only a few percent of the gas supplied by
stellar winds in the central parsec is gravitationally captured by Sgr A* (see Coker & Melia
1997; Cuadra et al. 2005a,b for 3D simulations), implying an accretion rate at the Bondi
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radius of ∼a few ×10−5 M⊙yr
−1; the remaining gas, ∼ 10−3 M⊙yr
−1, is thermally driven out
of the central star cluster in a wind. The emission from the outflowing hot gas accounts for
the observed level of diffuse X-ray emission in the central 10′′ of the Galactic Center.
While most of the work so far has focused on the continuum spectrum of Sgr A*,
the emission lines also provide important constraints. Prior to the Chandra observations,
Narayan & Raymond (1999) predicted, using advection dominated accretion flow (ADAF)
models, that thermal X-ray line emission should be seen from Sgr A*. In the present work,
we use Quataert’s (2002, 2004) models of the transition region to explore the thermal X-ray
line emission from Sgr A* and from the diffuse gas surrounding the black hole (outside the
Bondi radius). To carry out these calculations, we need to model the gas interior to the
Bondi radius, down to about ∼ 0.1RB. For convenience, we use the RIAF model of Yuan
et al. (2003) as our default model. However, we also allow the density and temperature
profiles some freedom, in order to assess how the observations of line emission can constrain
the dynamics down to ∼ 0.1RB. In §2, we describe the details of our dynamical models. In
§3, we describe the calculations of line emission and present the results. We conclude in §4
with a comparison of the model with current observations and discuss some implications of
this work.
2. Models
2.1. Models of the Ambient Medium
Thanks to the high angular resolution of Chandra, it is possible to clearly distinguish
between emission from the accretion flow around Sgr A* and that produced by the surround-
ing ambient plasma. This means that we can, in principle, constrain the properties of both
components. We make use of five different models from Quataert (2002, 2004) to describe
the ambient hot gas.
Quataert (2002) obtains temperature and density profiles (see his Fig. 1) based on two
different prescriptions. The first model assumes that the ambient medium is stratified with
ρ ∝ R−1 for R & RB (the physics responsible for the stratification was not important in
these calculations, which were actually based on cooling flow models in clusters of galaxies;
see Quataert & Narayan 2000). We refer to this as model A. The second model is the original
Bondi flow in which the external medium is taken to be uniform. We refer to this as model
B. For a given system, the relative contribution of the accretion flow (R . RB) and the
ambient medium (R & RB) to the observed thermal bremsstrahlung emission depends on
the beam size of the telescope (Rbeam). For Rbeam ≫ RB, the ambient medium dominates the
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observed emission, while for Rbeam ≪ RB, the accretion flow does. Chandra has Rbeam ≈ RB
for the Galactic Center, and so Quataert proposes that the quiescent emission from Sgr A*
arises from gas at ∼ RB, i.e., from the “transition region” between the external medium and
the accretion flow. To reproduce the observed luminosity of Sgr A* in the quiescent state,
gas densities at 1.′′5 (corresponding to R ≈ 105.2RS) and 10
′′ (corresponding to R ≈ 106RS)
should be ≈ 100 cm−3 and ≈ 20 cm−3, suggesting that a stratified external medium (model
A) is more appropriate than a uniform medium (model B).
Quataert (2004) has described more elaborate models of the hot gas in which he in-
corporates stellar winds as a source of mass and energy in the equations of hydrodynamics.
Noting that the observed mass-losing stars are located several arcseconds from the black
hole, Quataert models the stellar mass loss per unit volume as q(r) ∝ r−η for r ∈ [105.3, 106],
where r = R/RS is the dimensionless radius, and obtains the local mass injection rate as
dM˙w/dlnr ∝ r
−η+3. Taking a wind velocity vw ≈ 1000 km s
−1 and a total mass injection
rate M˙w =
∫
4πr2q(r)dr ≈ 10−3M⊙yr
−1, he explores three cases, η = 2, 3, and 0, which
we refer to as models C, D, and E, respectively. The solutions show that a few percent of
the mass supplied by the stellar winds, ∼few×10−5M⊙yr
−1, is gravitationally captured by
the BH while the majority of the gas, ∼ 10−3M⊙yr
−1, is driven out of the central parsec.
The models account for the level of diffuse X-ray emission observed in the central 10′′ of the
Galactic Center, and predict an electron density of ∼20-30 cm−3 at ∼ 10′′ radius, consistent
with Chandra observations.
2.2. Models of the Dynamics Inside RB
In the present work, we make use of models A-E for radii outside the Bondi radius. For
R . RB, we allow the density and temperature profiles to be of the form
ne(r) ∝ r
−3/2+s ≡ r−p, (1)
Te(r) ∝ r
−q. (2)
The motivation for allowing this freedom in the two profiles at small radii is that the dynamics
at radii. RB depends on uncertain physics, e.g., the radius at which the flow circularizes, the
importance of thermal conduction (e.g., Gruzinov 1998), and the rate of electron heating. We
wish to explore the extent to which observations of line emission can constrain the dynamics
of the flow inside RB, and thus it is necessary to consider a variety of models for the density
and temperature profiles.
We take the density and temperature profiles from the Yuan et al. (2003) RIAF model
as our baseline model, since this model provides a good description of the observed spectrum
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from Sgr A*. The Yuan et al. model corresponds to p ≈ 1.13 and q ≈ 1. We also consider
variations about this model, namely density profiles with p = 0.5, 0.75, 1.25, and 1.5 and
temperature profiles with q = 0.25, 0.5, and 0.75. For simplicity, we refer to all of these
models as RIAFs, and we identify the region of the flow inside the Bondi radius as the
RIAF.
In the calculations, we choose one of models A-E from Quataert (2002, 2004) to describe
the external medium down to R = 105RS ≈ RB. Inside this radius, we smoothly match on
to the selected density and temperature profiles described above.
To compare our calculations with observations of the temperature of the ambient ther-
mal plasma, we also allow for small variations in the electron temperature of the models at
large radii. Observations indicate that this temperature is in the range 1.2-2.0 keV (Baganoff
et al. 2003), so we consider a series of models with kTe(r = 10
5.5) in this range. To do so, we
scale the entire temperature of Quataert’s (2002, 2004) models to the desired kTe(r = 10
5.5).
(We fix the temperature at log r = 5.5, which is “mid-way” between the outermost radius
we consider, log r = 6 = 10′′, and the radius where the external medium transitions to the
RIAF, log r = 5.) We then study the variation of the equivalent width of the He-like iron
line from the RIAF and the ambient medium, respectively. Strictly speaking, this procedure
is not fully consistent since variations in kTe(r = 10
5.5) would also lead to variations in RB
and the dynamics at smaller radii, but for the narrow range of external temperatures consid-
ered here, such variations are small compared to the significant changes in equivalent width
caused by different models of the ambient medium and different density and temperature
profiles at R . RB.
The model density and electron temperature profiles corresponding to kTe(r = 10
5.5) =
1.5 keV are displayed in Figures 1 and 2 for the case in which we use the Yuan et al. RIAF
model inside RB.
3. Calculations and Results
3.1. Calculations of Line Equivalent Widths
Using the models of the RIAF and the hot ambient medium described in the previous
section, we have computed the thermal X-ray line emission from Sgr A* within 1.′′5 of the
center and within 10′′. The equivalent width of an emission line is defined as
EWline = Lline/Lν(νline), (3)
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where Lline is the total luminosity of the emission line, and Lν(νline) is the spectral luminosity
of the continuum at the energy of the line hνline.
To obtain the spectral luminosity and the total line luminosity Lline, we integrate over
the luminosities contributed by different shells of the accretion flow and the ambient hot gas,
Lline =
∫ rmax
rmin
n2e · ǫline · 4πrH · dr · R
2
S, (4)
Lν(νline) =
∫ rmax
rmin
n2e · ǫν(νline) · 4πrH · dr · R
2
S, (5)
where ne is the electron density at dimensionless radius r = R/RS; rmin ≡ Rmin/RS and
rmax ≡ Rmax/RS are the inner and outer radii of the line emission region under study. We
adopt rmax ≈ 10
5.2 and rmax ≈ 10
6, which correspond to 1.′′5 (the RIAF) and 10′′ (the
external medium) at the distance of Sgr A*. Most of the line emission of interest is
produced at radii between ∼ 0.1RB ∼ 10
4RS and Rmax so the exact value of Rmin is not that
important.
We calculate the vertical half thickness H of the accretion flow self-consistently in the
RIAF model and set H = rRs for the spherically symmetric external medium (r & 10
5.2).
The quantities ǫline and ǫν(νline) are the line and continuum emissivities at a certain radius,
which are functions of the local temperature.
Given the electron temperature from the model, we use the standard software package
Astrophysical Plasma Emission Code (APEC) (Smith et al., 2001) to calculate the emis-
sivity of the chosen line. We assume a solar abundance and ionization equilibrium in the
calculations. The APEC code includes collisional excitation, recombination to excited levels
and dielectronic satellite lines. It ignores photoionization, which is a few percent effect at
most (Narayan & Raymond 1999). We employ the APEC code also to calculate the spec-
tral continuum luminosity Lν(νline) from bremsstrahlung, radiative recombination and two
photon emission from the region in which the electron temperature is lower than 109K, and
use the prescription given in Narayan & Yi (1995) to calculate the bremsstrahlung emission
from the inner hot region (Te ≥ 10
9K).
While our primary interest is H-like and He-like iron lines, we also compute H-like and
He-like line equivalent widths of some other elements, such as Si, S, Ar, Ca, and Ni. In
view of the poor energy resolution of the observations, we combine the lines in bins of 100
eV width. We ignore Doppler and thermal broadening of lines, which are below the energy
resolution of Chandra.
The equivalent widths of lines from the RIAF (. 1.′′5) and the ambient medium (. 10′′)
around Sgr A* are represented as EW1 and EW2, respectively. They are directly proportional
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to the metallicity Z of the accreting gas,
EW1,2(Z) =
Z
Z⊙
EW1,2(Z⊙), (6)
where Z⊙ is the solar metallicity. All the equivalent width results presented in this paper cor-
respondent to EW1,2(Z⊙), i.e., for solar metallicity. They can be scaled to other metallicities
using equation (5).
3.2. Results
The equivalent widths of some relatively strong H-like and He-like lines of high-Z ions
are listed in Tables 1 and 2. The calculations are for the Yuan et al. (2003) RIAF model
matched to each of the five external models A–E. Table 1 gives EW1(Z⊙) corresponding to
the radiation from within 1.′′5 of Sgr A*, while Table 2 shows the corresponding line widths
EW2(Z⊙) from within 10
′′ around Sgr A*. For the RIAF (EW1), note that the He-like Fe
XXV line is strong, with the H-like Fe XXVI line being second in importance . For the
external medium (EW2), however, the electron temperature of the gas is too low to produce
H-like iron emission; hence there is no entry for this line.
Figures 3 and 4 show the variation of the EW of He-like iron line from the RIAF
(EW1) and the ambient medium (EW2) as a function of the external electron temperature
kTe(r = 10
5.5). Stars, crosses, squares, circles, and triangles correspond to the five models
of the external medium, A, B, C, D, and E, respectively. Figure 3 shows that EW1 from the
accretion flow is virtually independent of the external temperature, giving a value ∼ 0.6−0.7
keV for solar metallicity. In contrast, Figure 4 shows that EW2 from the external medium
varies significantly with kTe(r = 10
5.5), going from 0.5 keV to 1.5 keV as this temperature is
varied. By combining the line and continuum data from this region, one should in principle
be able to solve for both kTe(r = 10
5.5) and metallicity Z. Once we have Z, we should then
be able to compare the expected equivalent width from the RIAF (EW1) with observations.
Changing the density law index p of the self-similar RIAF solution from 0.5 (very strong
reduction of M˙BH relative to M˙out) to 1.5 (M˙BH = M˙out), keeping Yuan et al.’s RIAF model
for the temperature profile, and using model A for the external medium, we obtain different
estimates of EW1. The results are displayed in Figure 5(a). Larger values of p like 1.25 and
1.5 are inconsistent with constraints on the density near the black hole as obtained from
radio polarization data (Bower et al. 2003). The remaining three models give EW1 values
in the range 0.7-1.0 keV, i.e., not very different from the baseline model.
We also consider deviations in the temperature profile of the RIAF from Yuan et al’s
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model, which has Te ∼ r
−1. The temperature is unlikely to increase more steeply with
decreasing r since r−1 corresponds to the virial slope, but it could be shallower. We therefore
try temperature profiles Te ∝ r
−3/4, r−1/2, r−1/4, retaining Yuan et al’s density profile. The
results are compared with the original results of “RIAF+ model A” in Figure 5(b). We see
that EW1 increases from 0.7 keV to nearly 1.5 keV. Thus, EW1 is fairly sensitive to the
temperature profile, and so the observations can be used to constrain the radial variation of
the electron temperature.
4. Discussion
In this paper we have analyzed thermal X-ray line emission from the Galactic Center.
We consider the outer regions of the accretion flow onto the massive black hole Sagittarius
A* as well as the external gas surrounding the black hole. For the former we employ Yuan
et al.’s (2003) radiatively inefficient accretion flow (RIAF) model modified in various ways
through the parameters p and q in equations (1) and (2), and for the latter we use five
different models (A–E) from Quataert (2002, 2004). The models are matched at a radius of
105RS ≈ RB by shifting their temperature and/or density profiles by small amounts. The
emission observed from within 1.′′5 of Sgr A* (radii . 105.2RS) is interpreted as coming
from the accretion flow (the RIAF1), and the emission between 1.′′5 and 10′′ is viewed as
coming from the external medium. We compute the equivalent widths of hydrogen-like and
helium-like lines of various metals in the two zones.
Our calculations show that the X-ray emission from the RIAF should have a strong
He-like thermal iron line at an energy of 6.70 keV. For our baseline model (the Yuan et al.
RIAF), the equivalent width EW1 ∼ 0.6− 0.7(Z/Z⊙) keV, where Z is the metallicity of the
accreting gas and Z⊙ refers to solar metallicity. We find that EW1 is quite insensitive to
the details of the external gas model to which the RIAF is matched (see Fig. 3). When we
allow for variations in the density profile within the RIAF by adjusting the parameter p, we
obtain EW1 ∼ 0.6 − 1.0(Z/Z⊙) keV (Fig. 5a), which is still a fairly narrow range. On the
other hand, variations in the temperature profile (q varied over the range 0.25 to 1) cause a
larger range, EW1 ∼ 0.7 − 1.5(Z/Z⊙) keV (Fig. 5b). Thus, with an independent estimate
of Z, it should be possible to test the dynamics of the flow inside RB and, in particular,
constrain the electron temperature profile via the parameter q.
Figure 6 shows the integrated quiescent spectrum of Sgr A* obtained by combining the
1Technically, the RIAF is present only inside the Bondi radius at ∼ 105. However, the best spatial
resolution possible with Chandra is r ∼ 105.2, so we treat the entire region inside this radius as the RIAF.
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twelve Chandra pointings performed during the period 1999 September 21 through 2002
June 4 (see Table 2 in Muno et al. 2003). The total effective exposure is 590 ks. The
source spectrum was extracted from a circular region with radius 1.′′5 centered on the radio
position of Sgr A* (Reid et al. 1999), and the background spectrum was extracted from an
annulus with inner and outer radii of 2′′ and 10′′, respectively. Discrete sources within the
background annulus were excluded as described by Baganoff et al. (2003).
Using only the spectrum from about 3 keV to 10 keV, we fit the data with an absorbed,
thermal bremsstrahlung plus Gaussian-line model, including a correction for the effects of
dust scattering as described by Baganoff et al. (2001). The best-fit model (χ2/dof =
111.1/111) is shown in Figure 6. The parameter values are NH = 9.34
+0.85
−0.82 × 10
22 cm−2,
kTe = 3.24
+0.43
−0.31 keV, EFe = 6.61
+0.05
−0.05 keV, and σFe = 94.5
+63.5
−47.2 eV, where NH is the absorption
column density, kTe is the electron temperature of the emitting plasma, and EFe and σFe are,
respectively, the energy and standard deviation of the emission line. The quoted uncertainties
are the 90% confidence intervals for one interesting parameter.
The emission line has an equivalent width of 706 eV, with a 90% confidence lower limit
of 314 eV. Unfortunately, the steep fall-off in the effective area of the Chandra mirrors above
7 keV prevents the fitting routine from determining a reliable upper-limit on the equivalent
width. Additional observations will be required to obtain a sufficient signal above 7 keV
to measure the full properties of this line. A recent study by Najarro et al. (2004) of the
NIR spectra of five massive stars in the nearby Arches Cluster indicates that the stellar
metallicity in the cluster is about solar. Sgr A* is believed to be accreting material from the
winds of similar massive, windy stars in the central parsec cluster, so the results of Najarro
et al. (2004) suggest that the plasma accreting onto Sgr A* may have solar abundances as
well. The agreement found between the best-fit equivalent width of the observed spectrum
and the predictions of our models are then striking.
As expected, the spectral width of the line is unresolved by Chandra/ACIS. The best-fit
line energy (6.61 keV) is centered below that of He-like Fe (6.70 keV), and the 90% upper limit
(6.66 keV) falls just shy of it. The dielectronic satellites (DES) may be responsible for this
tiny redshift. Oelgotz & Pradhan (2001) show that the dielectronic satellites, which appear
redward of w line at 6.70 keV and prominently exist around 6.65 keV at low temperature,
dominate X-ray spectral formation in the 6.7 keV Kα complex of Fe XXV at temperature
below that of maximum abundance in collisional ionization equilibrium Tm (≈ 3 × 10
7 for
Fe XXV) and make the He-like iron Kα lines redshifted from 6.7 keV. After more detailed
calculation, we find that, for all He-like iron lines centered between 6.0 keV and 7.0 keV, the
luminosity-weighted mean energy is near 6.665 ∼ 6.680 keV for different models used in this
paper.
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In addition to a strong He-like iron line, the RIAF model predicts a H-like iron line at
6.97 keV. However, the equivalent width of this is only a fifth of the He-like line. The model
also predicts lines from a number of other elements, but with even smaller equivalent widths.
These lines are presently not useful, but may provide useful diagnostics of the accretion flow
in the future.
In contrast to the emission from within RB, the line emission from the external medium
shows large variations with model parameters. The equivalent width EW2 of the He-like
iron line varies significantly as the temperature kTe(r = 10
5.5) of the external gas is varied
(see Fig. 4). There is also a modest variation between the five models from Quataert (2002,
2004) that we used for the gas. Overall, we find values of EW2 in the range 0.4− 1.6(Z/Z⊙)
keV, which corresponds to a factor of four uncertainty.
The very different sensitivities of EW1 and EW2 to shifts in the overall electron tem-
perature profile, as parameterized by kTe(r = 10
5.5) — compare Figures 3 and 4 — may be
understood in terms of the different temperature profiles of the two regions. Figure 7 shows
the dependence of the line and continuum emissivities as a function of temperature. In the
RIAF, the electron temperature is larger than 2 keV and increases with decreasing radius
(Fig. 2), and the iron line and continuum emission come mainly from gas at temperatures
in the range ∼ (2−several) keV. When the temperature profile rises up, the most efficient
emission region moves to larger radii and the radiating volume becomes larger. However,
the line and continuum change by roughly similar amounts, thus maintaining EW1 almost
unchanged (Fig. 7). In contrast, the electron temperature of the external gas is lower than
2 keV and varies much less with radius. Here, both the line and continuum emission in-
crease sharply with increasing temperature, and since the line varies much more than the
continuum, the equivalent width changes significantly (Fig. 7).
In our model, we have included bound-bound, bound-free and free-free emission from the
hot gas, but we have not considered Compton scattering. The latter is produced in a RIAF
by the ultra-hot gas in the innermost region near the black hole. However, at the very low
mass accretion rate present in Sgr A*, and especially for the flat density profile (p ∼ 1 or less)
required by the observations, Comptonization is quite unimportant (see Yuan et al. 2003).
For the two lowest sets of models in Figure 5(a) (open dots and crosses), Comptonization
could be important (it would cause EW1 to decrease). However, those models are ruled out
for other reasons, and therefore Comptonization is not a concern for this work.
The assumption of ionization equilibrium in our calculations needs further study, es-
pecially for the gas outside of the Bondi radius. Baganoff et al. (2003) observed a line in
this region at 6.5+0.1
−0.2 keV, which is intermediate in energy between He-like and lower ion-
ization state lines of iron. They suggested that the external plasma is perhaps in a state of
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nonionization equilibrium (NIE). If the heating rate in the plasma is larger than the ther-
malization or ionization rates, then a NIE plasma will result with strong emission lines from
low-ionization state ions.
The gas in the vicinity of Sgr A* has probably been compressed by the passage of
a shock wave associated with Sgr A East, which is believed to be a supernova remnant
(SNR). Alternatively, the gas may have been influenced by multiple SNRs or by an extremely
energetic explosion resulting from the tidal disruption of a star by the central black hole (see
Maeda et al. 2002 and references there in). More plausibly, the gas, which is most likely
supplied by nearby stars, is shocked in colliding winds (Quataert 2004). Plasmas in SNRs are
generally not in ionization equilibrium, so any of the above scenarios will lead naturally to a
NIE state for the gas. Modelling the thermal line emission from NIE plasmas is challenging,
but such a study would be worthwhile for the gas surrounding Sgr A* if more detailed
observations become available.
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Table 1. Equivalent widths EW1(Z⊙) in units of eV of X-ray lines from the RIAF
(R < 105.2RS)
Line & EC (keV) A B C D E
Si XIII 1.866 13 18 22 23 23
Si XIV 2.007 55 64 69 70 70
S XV 2.462 31 42 49 50 50
S XVI 2.624 51 57 57 58 58
Ar XVII 3.141 21 25 27 27 27
Ar XVIII 3.325 14 14 13 13 13
Ca XIX 3.908 23 26 25 26 26
Fe XXIV 6.663 26 26 25 26 26
Fe XXV 6.700 702 712 675 675 680
Fe XXVI 6.970 142 143 151 151 150
Fe XXV 7.800 24 25 23 23 24
Ni XXVII 7.813 23 23 22 21 21
Note. — These lines are from the accretion flow in-
side 1.′′5 of Sgr A* for five models A-E, with kTe(r =
105.5) = 1.5 keV .
Model A: RIAF + stratified density hot gas model
Model B: RIAF + uniform density hot gas model
Model C: RIAF + “η = 2” dynamical hot gas model
Model D: RIAF + “η = 3” dynamical hot gas model
Model E: RIAF + “η = 0” dynamical hot gas model
Table 2. Equivalent widths EW2(Z⊙) in units of eV of X-ray lines from the external
medium (105.2RS < R < 10
6RS)
Line & EC (keV) A B C D E
Si XIII 1.866 159 141 95 102 102
Si XIV 2.007 165 167 152 155 156
S XV 2.462 213 211 172 178 179
S XVI 2.624 75 79 91 90 90
Ar XVII 3.141 75 77 71 72 73
Ar XVII 3.325 7 7 10 10 10
Ca XIX 3.908 61 62 61 61 61
Fe XXIV 6.663 203 230 219 223 227
Fe XXV 6.700 1007 937 1208 1187 1173
Fe XXVI 6.970 - - - - -
Fe XXV 7.800 87 79 101 100 98
Ni XXVII 7.813 17 14 16 15 15
Note. — These lines are from within 10′′ of Sgr A* for
five models A-E, with kTe(r = 105.5) = 1.5 keV.
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Fig. 1.— Model electron density profile of the baseline model. For r ≡ R/RS < 10
5 the
profile is from Yuan et al. (2003), and for r > 105 it corresponds to one of five models from
Quataert (2002, 2004). Solid, dotted, short dashed, long dashed, and dot-short dashed lines
correspond to models A, B, C, D, E, respectively. The profiles have been adjusted so as to
match smoothly at r = 105. (See text for details.)
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Fig. 2.— Electron temperature profiles for the same models as in Fig. 1. All five models
have been adjusted to have kTe(r = 10
5.5) = 1.5 keV. Solid, dotted, short dashed, long
dashed, and dot-short dashed lines correspond to models A, B, C, D, E, respectively.
– 19 –
Fig. 3.— Variation of the equivalent width EW1 of He-like iron line emission from the
baseline model of the RIAF (. 1.′′5, r < 105.2) as a function of the assumed external electron
temperature kTe(r = 10
5.5). Stars, crosses, squares, circles, and triangles correspond to the
results for models A, B, C, D, E, respectively. Note that EW1 is practically independent of
kTe(r = 10
5.5) and is nearly the same for all five models.
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Fig. 4.— Variation of the equivalent width EW2 of He-like iron line emission from the
external medium (. 10′′) as a function of the assumed external electron temperature kTe(r =
105.5). Stars, crosses, squares, circles, and triangles correspond to the results for models A,
B, C, D, E, respectively. Note that EW2 shows a large variation with kTe(r = 10
5.5) and
modest variations among the five models.
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Fig. 5.— (a) Equivalent width of He-like iron line emission within 1.′′5 of Sgr A* (EW1)
as a function of kTe(r = 10
5.5) for different choices of the density power law index p of the
RIAF (see eq. (1)). The external medium is described by model A. The five sets of results
correspond to p=0.5 (squares), 0.75 (triangles), ∼1.13 (Yuan’s model, stars), 1.25 (circles)
and 1.5 (crosses). The models with p=1.25 and 1.5 are ruled out by radio polarization
observations since these models predict a large gas density near the black hole. (b) Equivalent
width of He-like iron line emission within 1.′′5 of Sgr A* (EW1) as a function of kTe(r = 10
5.5)
for four choices of the temperature profile in the RIAF. The external medium is described by
model A. Stars correspond to Yuan et al’s (2003) temperature profile. Triangles, squares and
circles correspond to powerlaw temperature profiles with q = 0.75, 0.5, 0.25, respectively.
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Fig. 6.— Chandra spectrum of Sgr A* with the best-fit absorbed, dust-corrected, thermal
bremsstrahlung plus Gaussian-line model (solid line). The lower panel shows the fit residuals
in units of the standard deviation of the data.
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Fig. 7.— (a) Emissivity of He-like iron line (triangles) and 6.7 keV continuum (stars) for
solar metallicity, calculated with the APEC code . The line emissivity ǫline(Z⊙) is in units of
ergs cm3 s−1, while the continuum emissivity ǫcont(Z⊙) is in units of ergs cm
3 s−1 (9.9eV)−1.
(b) The ratio (in units of eV) of the line and continuum emissivities, i.e., the equivalent
width of the line, as a function of electron temperature.
